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ABSTRACT

Effects of atomic oxygon on thin-film (75oA) sputtered aluminum oxide (A1203) have
been characterized, Experiments were conducted using the Los Alamos National
Laboratory (LANL) O-atom facility. Diffusion of O-atoms through the A1203 thin films
was observed, having an activation enargy of 5.2 kcal/mole at an O-atom kinetic
energy of 2eV. Silver oxidation was used as the technique to detect penetration of O-
atoms through thin-films. The A1203 films were deposited on silver (250A), and the
electrical resistance of the silver was measured in-situ during exposure. The thin films
pro”+ided better protection of the substrate when deposited on smooth sapphire
surfaces than when deposited on rougher alumina surfaces. The A1203 was
amorphous before and after exposure, with less than 2% variation in oxygen atomic
concentration and total A1203 thickness before and after exposu~e,

INTRODUCTION

Experimental data from Space Shuttle flights have shown that atomic oxygen
IAO), the primary constituent of the low Earth orbit (LEO) environment, reacts with
many commonly used spacecraft materials .(1‘s] Atomic oxygen, which has high
oxidative ability, strikes ram surfaces with a collision energy of about 5 eV for
spacecraft such as Space Shuttln traveling in LEO at a velocity of 8 km/see. Organic
materials, such as Kapton, polyethylene, and graphite/epoxy, were found to be
susceptible to AC) attack and subsequent erosion.(~) Some metals, such as silver and
osmi[im, were also ~xidized by exposure to AC).(4) Atomic oxygen degradation of
materials, therefore, is a significant factor in the lifetime limit of spacecraft.
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The planned life of the future Space Station, Freedom, is 20 to 30 years in
LEO(1J If AO reactive materials such as Kapton and graphite/epoxy are to be used as
structural components, coatings will be needed to protect their surfaces from AO
attack. Development of protective coating systems has been in progress for several
years,@V

We have conducted experiments on AO interaction with coatings at the Los
Alamos National Labomtoty (LANL) O-atom simulation facility.@) Several types of
coatings, including metal oxides, Teflon, and silicones, were evaluated for protection
of AO reactive surfaces.(g) The results presented in this paper detail our
characterization of ,40 effects on thin-film (750A)aluminum oxide.

J

METHODS

A TwhnQuataWMGwa for At@.c OXVXENI Pm.uism

The technique employed in our evaluation of coatings uses silver oxidation fis a
detector for AO penetration through coatings. Silver oxidizes rapidly in the
presence of AO to form silver oxide, and the electrical resistance of the oxide is much
higher than that of pure silver. In our technique to evaluate coatings for AO protection,
coatings of known thickness are first deposited over thin (250A) silver films, and then
the electrical resistance of the silver is measured in-situ during exposure to detect
when the AO penetrates the coating.

A schematic of the sensors used is shown in Figure 1. The sensor consist: of
two strips of silver (250A) deposited on top of a substrate (made of alumina or
sapphire). One of the silver strips is coated with the coating being studied, while the
other remains bare as a control for AO flux calibration. Reference 8 contains full
details of how the AO flux is estimated using the time history of oxidation of bare silver,

The Los Alamos National Laboratory (IANL) O-atom simulation facility was
used in the exposures of all samples. The LANL facility is capablo of producing
neu?ral AO in the hyperthermal energy range (1-5 eV) and at accelerated fluxes (1O to
100X actual LEO conditions).@J The estimntecf O-atom fiux and energy for the
exposures reported in this paper was 1 x 1017 atoms/cm2-sec at 2,1 eV, using an
Ar/02 gas mixture for the beam. The dissociation of 02 molecuies into neutral O
atoms was estimated to be >90$40.These beam parameters (energy, dissociation) are
siightiy greater than those reported in reference 8 due to a larger nozzle diameter
(0.(’!16W).

The electrical resistance of the silver sensors was measured using a digital
muitimeter, and sample temperature was detern]ined using a thermocouple mounted
on the sample holder. Samples were mounted with exceiient thermai ccntact to the
holder, Electrical resistance and sample temperature as a function of time during O-
atom exposure were recorded and stored in a computor for iater analysis.
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Auger electron spectroscopy (AES) and scanning electron microscopy (SEM)
were performed at Photometries Iv?icroanalytical Laboratories (Huntington Beach,
California), and transmission electron microscopy (TEM) was performed at the
University of California at Irvine, Department of Biological Sciences (Irvine, California).

Pre_

The aluminum oxide coatings were sputter-deposited at the McDonnell Douglas
Space Systems Company (MDSSC-HB) Microelectronics”Center using a
Co~monwealth Millatron Ion Beam Vacuum Evaporator with a 5 in. diameter A1203
target. The samples were loaded on a vertical rotating ~rousel track, and the A1203
was sputter-deposited at a rate of about 15A/rein for a total thickness of 75oA. The
thickness was determined by performing both surface profilomet~ and ellipsometry on
a witness sample.

The following is a lis~of the samples which were all coated with 75oA A1203 during the
same run:

(1) Atomic oxygen Sensois of A1203-alumina substrates.
(2) Atcmic oxygen sensors of A1203-sapphire substrates.
(3) Bare Si wafers (control samples for thickness measurements).
(4) Ag (250A) coated Si wafers.
(5) NaCl tablets.

Two different substrates (alumina and sapphire) were used to obtain information m
the effect of surface roughness on coating lifetimes. The alumina substrates had
surface roughness on the order of 2-3pm, whereas the sapphire substrates were tnuch
smoother, with surface roughness of <0.05pm.

RESULTS

Auger analysis of the A1203/Ag coated silicon wafer samples showed that the
atomic composition of the coating was close to the 40°/oAl/60Y00 ratio expected for
A1203, Depth profiles of severml samples exposed at different temperatul es up to

31O”C (after a fluence of 7 x 1020 atoms/cm2) indicated a very slight but consistent
Increase (no more than 2%) in the oxygen atomic concentration after AO exposure.
Whether silver oxide had formed after exposure could not be determined by the Auger
depth profiles; the sputtering is likely to “blur” interfaces, Profiles of an unexposed
sample and exposed (31O°C) sample are provided in Figures 2 and 3, Optical and
scanning electron microscope examination of the exposed (31O“C) and unexposed
A[203/Ag coated Si wafer samples showed no signs of cracking in the coating. There
were no detectable changes in the thickness of the coating after exposure.
Thicknesses of AO exposed (25°C) and unexposed A12CJ3coated Si wafer samples

wero within tl”/o, as determined by ellipsometry,



The primary purpose of depositing the A1203 on NaCl (salt) tablets was to
permit easy removal of the film for transmission electron microscopy (TEM). The NaCl
tablets were dissolved in water, and the A1203 films were then collected on copper
grids. The electron diffraction patterns indicated that the A1203 film was amorphous
before (Figure 4) and after (Figure 5) AO exposure at both 40°C and 200 “C. TEM
inspection of the film up to 40,000X magnification did not reveal any obvious porosity
or pattern of defects in the film, although the A1203 coating did replicate the surface
features of the underlying salt tablet (Figure 6). These features irlcluded grain
boundaries, polishing scratches and etch pits which were produced on the salt prior to
film deposition.

‘ Atomic oxygen penetration through the thin-film A1203 was evaluated using th~
AO sensors by measuring the electrical resistance of the silver underneath the coating.
Control experiments were performed by heating the samples (with both alumina and
sapphire substrates) in the absence of a beam and by exposing the samples to a pure
Ar beam of hyperthermal energy to verify that the resistance changes in the silver were
due to exposure to the O-atom beam and not simply due to heating of the silver film.
During the exposures at any given temperature, sample temperatures were
maintained within k5°C.

Data from the A1203 coated silver sensors using the relatively rough alumina
substrates indicated significant scattsr in the coating lifetimes. Large variations in
fluence lifetime data for thin-film Si02 and A1203 coatings were also obsomed in our
previous experiments.(g) One sample exposed at 40”C showed a continuous increase
in electrical resistance of the silver, which reached megohtns after a total fluence of
about 1.5 x 1021 atmns/cm2 (Figure 7). Another sample exposed at the same
temperature for similar fluence, however, exhibited less than a 10 ohm reswtance
change. An alumina sensor exposed at 120”C showed a higher rate of change in
electrical resistance and a shorter coating fluence lifetime of 6,5 x 1020 atorns/cm2.

For the smooth sapphire sensors, the electrical resistance data was converted
to electrical conductance for estimation of the rate of cuwersion of the silver layers to
silver oxide:

R=~=gJ Rx

A wh ~:

A=
w.
h=

c.

p.

C= J-.
R

C=ph

electrical resistance
electrical resistivity
length of conductor
cross-sectionai area of conductor
width of conductor
thickness of conductor

electrical conductance
(in mho when R is in ohms)

cotlstant, assuming p , I and w
to be constant



The electrical conductance of the silver at any given temperature was assumed
to be linearty proportional to the thickness of the remaining silver, with uniform
oxidation of the silver Iayers. The electrical conductance of silver oxide was assumed
to be negligible in comparison to tt~at of elemental silver. The rate of change of
conductance, therefore, was used to estimate the rate of oxidation of the silver.

Data from the smooth sapphire sensors showed that there is oxygen
penetration or diffusion through the A1203 coating upon exposure. A steady linear
decrease in the conductance as a function of exposure time was seen for all samples
tested at ambient temperature (40”C). Steeper slopes in the conductance vs. time
cuwes were observed for all exposures at higher temperatures, indicating that
temperature did have a marked effect on the rate of oxidation of the silver films. A
permanent increase in electrical resistance after 0-atom exposure was noted in all of
the sarnp!es tested.

None of the coatings on the sapphire sensors ‘failed” - e’(perienced an
electrical resistance increase in the silver to megohms - as was the case in some of
the rough alumina sensors. There was, however, variability in the decrease of
conductance as a function of time at ambient temperature for the smooth sapphire
sensors also, suggesting that there was some variability in the coatings. Each sample
tested was exposed to the O-atom beam at ambient temperature prior to being
exposed at an eievated temperature. Figure 8 shows the conductance vs. O-atom
fluence profiie for one sampie which was exposed at 40”C for 2.5 hours, heated to
10O”C whiie in the beam, and subsequently exposed at 10O”C for 2 hours. Figure 9
shows the conductance vs. O-atom fluence profile for another sample which was
exposed at 40”C for” hours, heated to 160°C while in the beam, and subsequently
exposed at 160”C for 2 hours.

Optical and SEM analyses were performed on the sapphire sensors after AC)
exposure to determine if there was cracking in the A1203 fiims, Coating defects were
detected in some, but not all, of the samples. Small cracks on localized areas of the
coating (about 2% of total area) were detected (at 1t)OX magnification) on one of the
sensors (exposed at 40”C and 160”C), but no visible discoloration of the underlying
silver outside the small cracked areas was seen. Another sapphire sensor had a
pinhole-like defect in the coating, and discoloration of the siiver around the defect was
observed. The conductance vs. O-atom fluence curve for this sample showed a large
initiai decrease in conductivity upon exposure, but the slopes of the Iincar portion of
the curve at both 40”C and 100”C were similar to those of another sample exposed at
those temperatures which did not have any detectable defects.

Table 1 lists the slopes of the conductance vs. time curves for the sapphire
sensors tesled. Slope values for the higher temperature exposures were normalized
to that of the ambient temperature exposures and !he natural log (In) of the slope was
then plotted vs. Ifl (K-l) to estimate the activation energy (Figure 10). An apparent
activation energy for O-atom diffusion through the amorphous A1203 coating was
calculated to be 5.2 kcal/mole,



Table 1. Slopes of Conductance vs. Time Curves for Sensors Tested

Sample I Temperature (“C)

1 I 40
100

2
I

40
100

i3 I 40
100

4 I 40
160

Slope (mhokec x 10-6)

-0.64
-0.93

-1.33
-3.70

—
-1.34
-3.52

-0.59
-6.79

Normalized Slope I

1,00
1.46 I

1.00
2.79 I
1.00
2.62 I

DISCUSSION

Our experimental data indicates that there is some diffusion of AO through thin-
film (75oA) sputtered A;203. The role which microscopic defects in the film play in the
penetration of O-atoms through the coating needs further investigation, although
diffusion was seen to occur even in the absence of detectable defects, O-atoms may
be penetrating these films through a combination of processes. The apparent
activation energy of 5.2 kcat/mole is unusually low for solid-state diffusion processes.
Reported activation energies ranged from about 50 kcal/mole to 150 kcal/mole (at
1300-1800°C) in oxygen diffusion through single crystal and polycrystalline aluminum
oxide, with the oxygen diffusion coefficient in polycrystalliae aluminum oxide almost
two orders of magnitude larger than that of single-crystal samples.(11)

The effect of O-atom kinetic ener y on O-atom diffusion through these films is
7unclear. Experiments at NASWLeRC(la with thermal energy (<0.1 eV) AO has shown

that there was some diffusion of oxygen into thin-film Si02, Si02 coatings (about

600A) were deposited using reactive sputtering of 180 with Si, and the films were then
exposed to a plasma environment with 160, Enriched 160 concentration was seen in
the films after exposure to a depth of about 300 angstroms. Exposure of sputtered
A1203/Ag coated Si wafers in an oxygen plasma device at the University of Nebraska
also showed increases in the silver oxide thickness with exposure time, as measured
by variable angle spectroscopic ellipsometry.(~s) The exposure environment in plasma
devices, however, contains oxygen ions and is not well-characterized, The reactivity
observed may be due to charged particles (O+).

How the deposition process affects the microstructure, impurity concentration,
density and subsequently, AO resistance of these thin-films is uncertain, Eliminating
variability in the coatings is difficult; variability was obsewed in our results even under



well controlled conditions, with very smooth substrate surfaces. Thin-film coatings
deposited on the smooth sapphire substrates offered significantly better protection
than those deposited on the rough alumina substrates. If thin-film coatings are to be
applied on spacecraft hardware, surface preparation of parts prior to coating may be a
key factor in protection of the substrates. Thicknesses substantially greater than 750A
may also be required.

Work will be undertaken to evaluate how O-atom kinetic energy infbences
diffusion rates. Experiments will continue at IANL and will also be conducted in a
flowing afterglow apparatus (thermal energy neutral AO environment)tlA) at Johnson
Space Center.
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FIG. 1. Diagram of the atomic oxygen sensor. The thickness of the silver is 250A, and
substrates are made of sapphire or alumina.
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FIG, 3. Auger depth profile of an A1203/Ag coated Si wafer sample which was

exposed at 31O“C for 7 x 1U20 atorns/cm2 atomic oxygen fluence.
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FIQ. 4, Electron diffraction pattern from transmission electron microscopy of an
unexpcsed TSOAAz03 film, indicating that the film was amorphous.

FIQ. 5, Electron diffraction patmrn from trafl~mlssiorl dmtron microscopy of n 75o A
AIP03 film wllIctl wns oxPowM al X)O”Cfor 2X10~ 1atoms/cm~ alolnlc oxygen
Iluence. The fdm remamed wnorphous rifler exposure,



Tranamlsslon electron microscopy photograph (10,000X magnlflcatlon) of the
A1203 film after exposure to 2x1021 atoins/cm2 atomic oxygen tluence at
200°C, The A12C)3film replicated the surface features (scratches, etch pits) of
the NaCl tablet on which it was originally deposited,
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Conductance of Ag Under 750A A1203
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